Abstract. The latest prototype version of the CSIRO-developed Comfort Meter was used to measure representative samples of all the garments used in the Sheep Cooperative Research Centre wearer trials. The average wearer prickle ratings of the garment sets were compared to the average Comfort Meter values for the garments. Comfort Meter values were strongly correlated with average prickle ratings assigned by wearers of the garments. As average wool fibre diameter and fabric knit structure were changed in the fabrics used in the wearer trials, the relationship between the Comfort Meter value and the wearer prickle rating remained highly correlated. The correlation between the Comfort Meter value and the wearer prickle rating changed for a set of fabrics in which the yarn structures were changed. A possible mechanism to explain the various relationships is proposed.
Introduction
The mechanism responsible for the human prickle response was studied in the 1980s and 1990s and Garnsworthy et al. (1988a Garnsworthy et al. ( , 1988b and Naylor et al. (1992) reported that the prickle sensation is caused by fibres protruding from the fabric surface that are able to exert a force of greater than 75 mg force on the skin. This force was shown to be sufficient to stimulate pain nerve receptors in the skin and if there was sufficient stimulation within a given area of skin, a prickle sensation resulted. Naylor et al. (1992) described the fibre characteristics important for causing prickle and noted that the ability of a fibre to exert force against the skin without buckling is proportional to the 4th power of its diameter and the square of its length. Thus short, straight, coarse fibres were most able to trigger a prickle response in a wearer. In a study using 14-gauge knitwear Naylor et al. (1992) proposed that fibres with ends greater in diameter than~32 mm were responsible for causing the prickle response in wearers. This drew attention to measures of fibre diameter distribution other than the mean fibre diameter. These included: coefficient of variation; standard deviation; and more specific measures of the coarse fibre edge of the fibre diameter distribution. This resulted in the term referred to as Comfort Factor being adopted by the industry. It is an expression of the proportion of fibres less than 30.0 mm in the measured fibre diameter distribution and is an output of both the Laserscan and OFDA fibre diameter distribution measurements.
The aim of the Comfort Project within the Wool Program of the Cooperative Research Centre for Sheep Innovation is to develop a quick instrumental means of predicting a consumer's response to the next-to-skin comfort of a garment, in particular, to prickle. To achieve this, two parallel research paths were established. One was to gather responses from consumers who wore the test garments. This was carried out at the Department of Agriculture and Food Western Australia's Design for Comfort garment laboratory (DAFWA) in Perth. The wearer trials produced quantitative ratings from a group of selected female wearers to a range of comfort attributes, including the prickle intensity of the fabric. Stanton et al. (2004) and Stanton (2009) have described the protocol used in the wearer trials.
The other path was to develop an instrument to measure a fabric property fundamental to next-to-skin comfort. An instrument called the Comfort Meter (Sheep CRC 2010; see Fig. 1 ) was developed at the CSIRO Division of Materials Science and Engineering, Geelong, and described by Ramsay and colleagues (D. J. Ramsay, D. B. Fox and G. R. S. Naylor, unpubl. data) . This instrument counts events, on the surface of a fabric, that are likely to cause discomfort. These events are recorded by a fine, steel string that passes over the fabric while being maintained at a constant distance of 1.5 mm from the surface. The head containing the string rests on the fabric surface with a force of~2 g/cm 2 . An event is recorded when protruding fibres are able to deflect the steel string by a fixed, minimum amount.
The aim of the experiment reported here was to analyse and explain the relationship between data obtained from the Comfort Meter and the average prickle scores from the wearer trials. Due to the development of different pre-test treatments for the Comfort Meter and wearer trials it was important to measure the garments used in the trials. During development of the Comfort Meter, the CSIRO group used fabrics that had been exposed to a pre-test procedure involving a light steaming to relax the surface fibres and to avoid effects associated with creasing, folding and compression of fabric during storage. However, the garments used in the wearer trials were washed three times in a domestic washing machine on the gentle wool cycle and dried in a flat position before they were worn. This was to ensure the removal of manufacturing lubricants and additives that might have caused other reactions with the wearers that might interfere with the comfort perceptions. The degree to which these pre-test treatments affected the number and length of surface fibres and the resultant wearer responses was not quantified. However, the unwashed fabric and garments were noticeably different with the washed garments appearing to have more and longer surface fibres.
Methods
The Comfort Meter was transported to the Design for Comfort garment laboratory in Perth. The Comfort Meter was set to do 10 scans of 200 mm length per sample, five in the forward direction and five in the backward direction. The average of the 10 scans was the value attributed to that sample. The garments were turned inside out so that the surface against the skin was measured. The garments were pulled over the measuring platform so that a single layer of fabric was on top of the measuring platform. The recording head moved across the inside of the garment, parallel to the knitted courses. Measurements were conducted twice on each garment, first in the centre of the back panel and then in the centre of the front panel. Four garments made from each of the 19 fabrics used in the DAFWA wearer trials were tested, giving a total of eight measurements per fabric.
The wearer trial protocol described by Stanton (2009) included recording the participant's score, on a scale of 1-9, for 11 sensations including prickle. The 1-9 scale goes from a value of 1 having no perception of that sensation to 9 having an extreme feeling of the sensation. Participants' responses were recorded 15 times over a 75-min period in which the participant was exposed to four wearing environments. First, an environment analogous to a retail change room; followed by a hot environment with no physical activity; followed by the same hot environment but including mildly strenuous activity; finishing with a return to the change room environment. The responses were distributed approximately equally over the four environments and the highest prickle value always occurred in the hot environment during the activity.
Garments that were being used in the wearer trial in progress at that time had been washed a minimum of three times and were hung on hangers awaiting use. The garments used in previous wearer trails had been washed a minimum of three times, folded and sealed in individual plastic bags and stored in large plastic storage boxes. All garments were removed from storage and subjected to Comfort Meter measurement without further treatment. This was considered appropriate as the hung garments were well presented and the stored garments were loosely packed in the storage boxes, not affected by compression and had similar pre-treatments.
Comfort Meter measurements were also made on the unwashed keeper garments or fabric samples from which the trial garments were made. These represented all 19 fabrics used in the wearer trials. As there was only one garment or fabric sample for each of the fabrics, only two measurements were made per sample. This measurement was made to give an indication of the magnitude and direction of the change in Comfort Meter value caused by washing.
All measurements were carried out in an air-conditioned room at the DAFWA garment laboratory in which temperature and humidity were constantly monitored and recorded. Temperature ranged from 22.9 to 24.2 C and relative humidity ranged from 42 to 60% during the measurement period.
The garments were not conditioned before measurement and this was not expected to affect the precision or reproducibility of the results. This conclusion was reached based on a previous experience during the development of the instrument at CSIRO where no statistically significant difference was found between the Comfort Meter values of fabrics conditioned to 40% relative humidity or the same samples conditioned to 70% relative humidity. Table 1 shows the average Comfort Meter measurements, the standard deviation of the Comfort Meter values the average wearer prickle rating and various details for each fabric. The Comfort Meter means were calculated from eight measurements, two measurements performed on each of four garments. The Comfort Meter standard deviation was calculated from the eight measurements per fabric. The average prickle value was calculated from the prickle ratings of all participants in all wearing environments. The numbers of participants were decreased from 50 to 25 in later trials as the number of wearers required to achieve good precision and repeatability was determined.
Results
The mean fibre diameter values in Table 1 were measured using an OFDA 100 instrument. Yarn count is the nominal count of the yarn from the spinner and has not been re-measured. The knit structure refers to the various structures used in the fabrics. Although the majority of fabrics in the trial were single jersey structures, which are the simplest structures and result in lightweight fabric, other knit structures were also included in the experiment. Because of differences in surface characteristics between different fabric structures, it was expected that their Comfort Meter values and wearer prickle assessments might differ. Fibre composition is included because different fibres have different physical characteristics and might result in different responses from the instrument and the wearers. The gauge of the knitting machine that manufactured the fabric is indicative of the density of the fabric because the gauge is the number of needles per inch on the knitting machine. Fabric weight is expressed in grams per square meter and may be important for predicting the wearer response from the instrument value because, for a given fibre diameter distribution in the fabric, the weight will be directly proportional to the number of potentially irritant fibres in a given area of the fabric. Fig. 2 shows the average prickle rating for each fabric plotted against the average Comfort Meter value for each fabric. The correlation between the two measurements of comfort are shown to be high giving credence to our aim, to develop a model using the Comfort Meter value, to predict a consumer's response to prickle.
A plot of the Comfort Meter values of the unwashed keeper samples versus the corresponding washed and worn garments provide an insight into the effects of wearing and washing on the surface fibres of the fabric. Fig. 3 shows that washing reduces the Comfort Meter value of the fabric in most cases. The included trendline and correlation coefficient show the two measurements to be highly correlated and that the value for the washed garments Comfort Meter value Average wearer prickle rating Instrument values and wearer ratings of prickle Animal Production Scienceare~15% below the results of the unwashed fabric and garments on average.
Discussion
The results of this trial confirm that there is a strong relationship between the Comfort Meter values and the average ratings of fabric prickle by the wearers. Fig. 4 shows the surface of a knitted single jersey fabric and illustrates the variety of fibre shapes, lengths and orientation that are protruding from the fabric surface.
Although there was a good correlation between the Comfort Meter value and the wearer prickle response, the comfort of several fabrics was either over or under estimated by the Comfort Meter.
Effect of yarn structure
In the wearer trials there were no statistically significant differences between Fabrics 20, 22, 23 and 24, whose prickle ratings differed by less than 0.463 units. However, the Comfort Meter value of Fabrics 22 and 24 was significantly lower than Fabrics 20 and 23. This group of fabrics includes several different yarn structures with differences in the numbers of ends twisted together as well as differences in the numbers of single ends fed into the knitting machine. It is conceivable that the additional processing associated with twisting and winding the multiple-ply yarns could result in different levels of yarn hairiness. As could the multiple-end feeds as the yarns rub against each other before going onto the needle. Nonetheless, it is interesting that the heaviest fabric in this series, Fabric 21, for which three separate 25-Tex single ends were fed into the knitting machine, was deemed the least prickly by the wearers, yet had the highest Comfort Meter value. All yarns used in these fabrics were from the same parent top and were therefore nominally of the same mean fibre diameter and diameter distribution. However, the poor relationship between Comfort Meter values and the prickle assessments for fabrics with different yarn structures requires a more complex mechanism to explain why the Comfort Meter value underestimates the level of comfort from the wearer trial response. One possible mechanism is the difference in the way the fabric is presented for the objective and subjective tests. In the wearer trial, the fabric is in the form of a body hugging garment and the fabric is therefore under tension. For the Comfort Meter measurement, the fabric is presented in an unconstrained form without tension. It is conceivable that when a multi-ply or multiend knitted fabric is under tension on the wearer, the constituent yarns present themselves at the fabric surface differently to when they are not under tension. More yarn surfaces may be exposed at the fabric surface when the fabric is under tension and thus more of the irritant fibres are present to cause prickle.
Effect of fabric structure
The other fabrics worthy of note were those made using different knit structures (Fabrics 6, 7, 8, 9 and 25) . According to the Comfort Meter values these fabrics formed three groups. Fabrics 6, 7 and 8 gave the same values, Fabric 9 a value significantly lower, and Fabric 25 a significantly lower value again. The wearer rankings followed a similar pattern with Fabrics 6, 7 and 8 having the higher prickle ratings and Fabric 25 the lowest prickle rating of the group.
The effect of knit structure on the relationship between Comfort Meter and prickle rating is supported by a simpler mechanism than that of yarn structure. Different knit structures result in different fabric surface appearances caused by changing the proportion of yarns that are present at the fabric surface. This also dictates the number and length of fibres at the fabric surface. Yarns further away from the fabric surface will have fewer fibres reaching the fabric surface that meet the length and diameter characteristics required to elicit a prickle response and also a response from the Comfort Meter. Fabric 25 is a pique knit with a surface much like a waffle with fewer yarns at the surface.
Effect of washing
The Comfort Meter showed that washing, on average, decreased the Comfort Meter value by~15%. It is expected that this would be associated with an improvement in the prickle rating. Although the results are variable, the high correlation shown in Fig. 2 gives confidence that the Comfort Meter value of a new, unused garment or fabric could be used to predict the Comfort Meter value of a washed and worn garment. The changes occurring with washing are associated with agitation in the presence of water. This is known to cause yarns to open up and fibres that are less securely held within the yarn to migrate outward and create a greater number and length of fibres on the fabric surface. Naylor (2009) demonstrated that increasing the number and length of the surface fibres on a single jersey fabric resulted in an improved skin comfort as measured by a forearm test.
Conclusion
This study showed that Comfort Meter values for garments are strongly correlated with the prickle ratings assigned by wearers of Unwashed fabric and garments Washed garments the garments. The development of a model to predict the prickle response of a wearer, using data from the Comfort Meter and other fabric characteristics, still appears to be possible.
